Since the world\'s first *in vitro* fertilization baby was born in 1978,^[@bib1]^ the realm of fertility treatment has changed dramatically. Artificial insemination, which was previously considered to be the ultimate therapy, has essentially replaced *in vitro* fertilization (IVF). Advanced technology, such as intracytoplasmic sperm injection (ICSI),^[@bib2]^ the freezing of oocytes and fertilized embryos,^[@bib3],\ [@bib4],\ [@bib5],\ [@bib6],\ [@bib7]^ assisted hatching^[@bib8]^ and pre-implantation genetic diagnosis,^[@bib9]^ have been applied widely. Even a patient with azoospermia, if testicular resection can reveal the presence of intratesticular sperm,^[@bib10],\ [@bib11]^ can father a baby using ICSI.^[@bib12],\ [@bib13]^ What was, in the past, 'impossible\' is now quite 'possible\'. Some people, however, cannot conceive, even with the use of all the existing ancillary technologies. Such situations occur when germ cells are not present in the testis or when ICSI cannot be performed because of the absence of mature sperm as a result of maturation arrest. In women, senescent oocytes as a result of aging reduce the pregnancy rate; furthermore, when women reach menopause, oocyte retrieval for IVF tends to be unsuccessful because of dysfunction of ovarian follicle growth. Various reports have discussed whether germ cells can be differentiated and induced directly from stem cells, such as embryonic stem (ES)^[@bib14],\ [@bib15]^ and induced pluripotent stem (iPS) cells.^[@bib16],\ [@bib17]^ Additional research is required to determine whether allogenic ES cells or autologous iPS cells are safe and effective before clinical applications in humans can be considered. On the other hand, there are high expectations for therapeutic self-derived mesenchymal stem cells (MSCs). An increasing number of reports are being published regarding their use in regenerative medicine; however, MSCs are incapable to be induced directly into germ cells. Specifically, cardiac muscle cell differentiation from MSCs has been demonstrated, including cord blood-derived MSCs,^[@bib18]^ MSCs derived from chorionic plate of the placenta^[@bib19]^ and menstrual blood derived MSCs,^[@bib20]^ which are thought to be effective for patients whose bone marrow cannot be obtained but who require MSCs. MSC culture using fetal bovine serum (FBS)-free media has been successful,^[@bib21]^ and consequently, its application in humans is thought to be possible. Another paper described the differentiation capacity into cardiac muscle cells and the tolerance to immunity by establishing MSCs from human amnion,^[@bib22]^ suggesting that the potential efficacy of MSCs regardless of their origins.

Taken into account a report published in 2008 by Fu *et al*,^[@bib23]^ describing the effectiveness of bone marrow-derived MSCs (BM-MSCs) after their transplantation into ovaries,^[@bib23]^ we hypothesized that adipose-derived MSCs may also retain the ability of restoring the ovarian function. Therefore, in this study, we conducted experiments wherein adipose-derived MSCs were transplanted into damaged ovaries and the safety and the restorative effect on ovarian function were evaluated in rats and mice. Our experiments with adipose-derived MSC transplantation leads us to speculate whether human abdominal subcutaneous adipose-derived MSCs could improve ovarian function and enhance the success rate of *in vitro* fertilization for in the future.

MATERIALS AND METHODS
=====================

Experimental Animals
--------------------

Wistar--Imamichi female rats (7--8 weeks old; Institute of Animal Reproduction) with two or more 4-day reproductive cycles and C57BL/6J female mice (5 weeks old; Institute of Animal Reproduction) were used for the experiments. All animals were housed in an isolator for experimental animals (Innorack^®^ IVC; Oriental Giken) under a 12 h light and dark cycle and were fed *ad libitum*.

Isolation of Rat and Mouse Adipose-Derived MSCs
-----------------------------------------------

Rats and mice were euthanized with CO~2~, their abdomens were cut open and the adipose tissues were removed. After the adipose tissues were washed with saline solution, all the tissues were collected and incubated in DMEM/F12 medium containing 0.2% collagenase (Wako: STE3315), DMEM/F12 (Gibco: 891768) and 1% penicillin--streptomycin mixed solution (GIBCO: 15140) at 37 °C for 40 min. After the cell suspension was centrifuged (at 630 *g* for 10 min), the fat layer found in the upper layer and the culture solution layer found in the middle layer were removed, and the stromal vascular fraction (SVF) obtained as a sediment was collected. The culture medium for incubation, which consist of DMEM/F12 (Gibco: 891768), 10% FBS (Hyclone: KUE33539), 1% penicillin--streptomycin mixed solution (GIBCO: 15140), 1% ℒ-glutamine solution (Gibco: 891743), 1% non-essential amino-acid (Gibco: 879514), was added to the SVF to be suspended, and the SVF suspension was filtered through a 100 *μ*m filter. After adding saline solution to wash away the collagenase in the cell suspension, the suspension was centrifuged (at 280 *[g]{.ul}* for 5 min) and the supernatants were removed. The cell suspension was adjusted with the culture medium and was partially co-stained with Hoechst (10 *μ*g/ml) and propidium iodide (10 *μ*g/ml) in saline solution to check cell viability. The living cells were seeded at the concentration of 5000 cells/cm^2^ and were incubated at 37 °C in 5% CO~2~ and 95% air. The culture media were exchanged every 3 days. The cells were passed when they reached to 80--90% confluence. Excess cells were cryopreserved in a cell freezing medium (Lymphotec: CS-02-001) at 5 × 10^6^−1 × 10^7^ cells/ml per tube.

Isolation of Rat BM-MSCs
------------------------

Femurs were collected and washed in PBS (−) with 1% penicillin--streptomycin solution. Both ends of the femurs were cut off using a bone cutter. A 10 ml syringe with a 16-G needle was filled with PBS (−) with 1% penicillin--streptomycin to flush the femoral bone marrow, and the bone marrow cells were collected. The collected bone marrow was transferred to a 50 ml tube and centrifuged at 280 *g* for 5 min. After the supernatants were removed, the precipitated cells were washed three times in PBS (−) with 1% penicillin--streptomycin solution. As with the adipose-derived MSCs, the cell suspension was subsequently adjusted with the same culture medium as adipose-derived MSCs (A-MSCs), and after examining cell viability as described above, living cells were seeded at 5000 cells/cm^2^ and were cultured at 37 °C in 5% CO~2~ and 95% air.

Isolation of Rat Tail Fibroblast Cells
--------------------------------------

Rat tail tips were collected, and washed in PBS (−) with 1% penicillin--streptomycin solution. After cutting into small pieces, they were treated in DMEM/F12 media with 0.2% collagenase and 1% penicillin--streptomycin mixed solution at 37 °C for 1 h to dissociate cells. The media with dissociated cells were centrifuged and the supernatant was removed. The cell pellets were suspended in culture media as same as A-MSC culture media and then filtered through a 100 *μ*m filter. They were then centrifuged and the supernatant was removed. After suspending cell pellets in culture media, living cells were counted as described above and cultured at 5000 cells/cm^2^ at 37 °C in 5% CO~2~ and 95% air.

FACS Analysis Using Cell Surface Antigen Markers
------------------------------------------------

Cell surface antigen marker expression among established cell lines of rat and mouse adipose tissue-derived MSCs, rat BM-MSCs and rat tail fibroblast cells was analyzed by FACS. For the antibodies, FITC- or Pacific blue-conjugated monoclonal antibodies such as CD29 (LifeSpan: 19427; BioLegend: 102203), CD34 (Santa Cruz Biotechnology: B1810; BioLegend: 128603), CD44 (Abcam: 957673; BioLegend: 103005), CD45 (AbD Serotec: 010; BioLegend: 103107), CD73 (BD: 60140), CD105 (Millpore: 05-1424) and CD90 (Abcam: 876573) were used. The results were analyzed using an Attune Acoustic Focusing Cytometer (Applied Biosystems).

Preparation of Infertility Model Rats and Mice with Ovarian Failure
-------------------------------------------------------------------

Wistar--Imamichi female rats (7--8 weeks old) with two or more 4-day reproductive cycles were used. After weighing the rats, cyclophosphamide (CTX; Sigma: C0768) was administered at 50 mg/kg by intraperitoneal injection, regardless of the reproductive cycle. Then, CTX was administered at 8 mg/kg daily for 13 consecutive days, for a total of 14 days. As for C57BL/6J female mice (5 weeks old), single injection of CTX (200 mg/kg) was administered intraperitoneally.

Procedure for Cell Transplantation into Rat and Mouse Ovaries
-------------------------------------------------------------

For the cell transplantation, a glass capillary injection pipette with a 30-G needle was used. CTX-treated rats and mice were intraperitoneally injected with Avertin (Sigma-Aldrich) at a dose of 250 mg/kg, and their skin and muscle layers were cut open after shaving in a decubitus position. The ovary was exteriorized and fixed using forceps ([Figure 1a (A)](#fig1){ref-type="fig"}), and a total of 2 × 10^6^ cells per 10 μl saline solution of rat A-MSCs, BM-MSCs and tail fibroblast cells were transplanted into rat ovary 15 days after initial CTX injection using an injection pipette ([Figure 1a (B)](#fig1){ref-type="fig"}). A measure of 10 *μ*l (for rats) and 5 *μ*l (for mice) of saline solution were sham injected into ovaries to serve as a control. No leakage was visually observed after transplantation ([Figure 1a (C)](#fig1){ref-type="fig"}).

Assessment of Ovarian Function by Comparison of Ovarian Follicle and Corpus Luteum Counts
-----------------------------------------------------------------------------------------

At 8 weeks after cell transplantation, rats and mice were euthanized and left (cell transplanted) and right (non-transplanted) ovaries were removed for fixation to prepare the sections. A histological analysis was performed using a conventional method that included the trimming of the largest ovarian area, slicing it into a 5 *μ*m thickness to prepare the sections and staining with hematoxylin and eosin (HE). The ratio of the number of ovarian follicles and corpus lutea in left side ovaries to the right side ovaries was calculated and compared between each group (*n*=10).

Assessment of Functional Improvement and Safety by Comparison of Litter Size
----------------------------------------------------------------------------

To examine the improvement in ovarian function and the safety of cell transplantation, we compared the litter sizes obtained by natural mating after the transplantation of the established A-MSCs and BM-MSCs into the both side of ovaries having decreased ovarian function induced by the CTX. At 8 weeks after MSC transplantation, the female rats, which were found to be in proestrus based on a vaginal smear test, were put into the same cage with male rats for natural mating. The subsequent litters that were born (F1) were examined for serious adverse effects by cell transplantation. F1 litter size were compared between CTX non-administration (CTX−) group and the groups in which CTX administration (CTX+) with saline solution sham injection, A-MSCs (P0 and P2) and BM-MSCs transplantation (*n*=5). Furthermore, litters (F2) obtained by natural mating between female rats selected from the F1 generation born in each group and male rats selected in the same way from the F1 generation were compared and examined for serious side effects by cell transplantation with the control group.

Measurement of Cytokine Secretion from A-MSCs and Tail Fibroblast Conditioned Media
-----------------------------------------------------------------------------------

To analyze the cytokine secretion from A-MSCs and tail fibroblast cells, the concentrations of vascular endothelial cell growth factor (VEGF), insulin-like growth factor-1 (IGF-1), hepatocyte growth factor (HGF) and estradiol in the cell conditioned media were measured by EIA.

The conditioned media for rat and mouse A-MSCs and rat tail fibroblast cells were prepared as follows:

The cells were cultured on the dish at concentrations of 1 × 10^5^/ml. After 24 h of cultivation under individual culture conditions, the dishes were replaced with DMEM/F12 media without any serum or growth factors and were incubated for 72 h. The media were collected and centrifuged at 280 *g* for 5 min and the supernatant were served as conditioned media for EIA. As for EIA kits, the Rat VEGF Immunoassay (Quantikine: RRV00), VEGF mouse ELISA kit (Abcam: ab100751), Rat IGF-1 Immunoassay (Quantikine: MG100), IGF-1 mouse ELISA kit (Abcam: ab100695), Rat HGF EIA (Institute Immunology), HGF mouse ELISA kit (Abcam: ab100687) and Estradiol EIA kit (Cayman Chemical Company) was used according to the manufacturer\'s instruction. The ELISA plates were read at iMark microplate absorbance reader (Bio-Rad).

Growth Factor Administration and A-MSC Transplantation into Mouse Ovaries
-------------------------------------------------------------------------

To assess the effect of growth factors on damaged ovaries induced by CTX, VEGF, HGF, IGF-1 and mouse A-MSCs were administered into mouse ovaries. The dose of these growth factors were determined by the result of the cytokine secretion in mouse A-MSC conditioned media by ELISA. A measure of 780 pg and 7.8 ng/5 *μ*l saline of VEGF (Santa Cruz Biotechnology: sc-4571), 590 pg and 5.9 ng/5 *μ*l saline of HGF (R&D Systems: 2207-HG/CF), 150 pg and 1.5 ng/5 *μ*l saline of IGF-1 (R&D Systems: 791-MG) or a combination of these three growth factors were administered into mouse left ovaries. And, a total of 5 × 10^4^, 5 × 10^5^ and 5 × 10^6^ cells/5 *μ*l saline solution of mouse A-MSCs were transplanted into left ovary 3 days after CTX injection. Mice were euthanized 8 weeks after administration and ovaries were collected and fixed. HE section slides were made as described above. The ratio of the number of ovarian follicles and corpus lutea in left side ovaries to the right side ovaries was calculated and compared between each growth factor-administered groups and A-MSC-transplanted groups.

Immunohistochemistry
--------------------

To investigate the angiogenesis and cytokine expression in ovaries after A-MSC transplantation, the ovarian sections were immunostained for CD34, VEGF, IGF-1 and HGF antibodies. The ovarian sections were deparaffinized with xylene and hydrated using an ethanol gradient. The hydrated sections were washed in 3% hydrogen peroxide in methanol for 20 min at room temperature and blocked in PBS (Sigma) containing 3% BSA (Sigma) for 30 min. As the primary antibodies, rat anti-CD34 antibody (Abcam: ab8158, diluted 1:100), rabbit anti-HGF antibody (Santa Cruz Biotechnology: sc-7949, diluted 1:50), rabbit anti-VEGF antibody (Santa Cruz Biotechnology: sc-9047, diluted 1:50) and rabbit anti-IGF-1 antibody (Abnova Corporation: PAB19107, diluted 1:50) were used for the reaction at 4 °C for 16 h. As the secondary antibody for HGF, VEGF and IGF-1, goat anti-rabbit IgG antibody conjugated to biotin (Santa Cruz Biotechnology: sc-2047, diluted 1:500) was used for the reaction at room temperature for 60 min and was stained using the DAB Substrate Kit (Invitrogen: 00-2014). Hematoxylin was used to co-stain the sections. And as for CD34, Alexa Fluor 594 rabbit anti-rat IgG antibody (Invitrogen: A21211, diluted 1:500) was selected as a secondary antibody and treated at room temperature for 3 h. All sections were mounted with HistoMount Mounting Solution (Invitrogen: 00-8030) and analyzed using BIOREVO BZ-9000 (Keyence).

Detection of Transplanted A-MSCs in Ovaries by Fluorescence *in situ* Hybridization
-----------------------------------------------------------------------------------

To localize the A-MSCs transplanted into the ovaries, the male Wistar rat A-MSCs were established and were transplanted into the ovaries. At 8 weeks after the transplantation, the female rats were killed and the ovaries were taken out. The paraffin sections were prepared from the removed ovaries according to a standard method described above. The sections were deparaffinized with xylene and treated with 0.3% NP-40/0.4 × SSC for 15 min at 72 °C. After washing with water, the sections were treated with 0.5% pepsin for 30 min at 37 °C and fixed again in Carnoy\'s solution (Carnoy:methanol and acetic acid=3:1). The fluorescent *in situ* hybridization (FISH) method was used to detect the distribution of cells exhibiting male X and Y chromosomes in the ovarian tissues. A FISH probe (Chromosome Science Laboratory) was hybridized to the centromere region of the X and Y chromosomes of rats overnight at 37 °C after heat denatured for 5 min at 75 °C. After washing in 0.3% NP-40/0.4 × SSC for 5 min at 72 °C and then in 0.1% NP-40/2 × SSC for 1 min at room temperature, the tissues were counterstained with DAPI (4′-6-diamidino-2-phenylindole, 150 ng/ml).

Quantitative RT-PCR Assay
-------------------------

Rat A-MSC, tail fibroblast cell-transplanted rats were euthanized at their proestrus, determined by vaginal smear test and the ovaries were taken out. Total RNA was extracted from an ovary of each groups using Trizol reagent (Invitrogen: 15596026) and purified using PureLink RNA mini kit (Ambion: 12183018A). RNA (5 μg) was reverse transcribed using High capacity RNA to cDNA kit (Applied Biosystems: 4387406) to obtain cDNA. TaqMan Gene Expression Assay was selected for *VEGF* (Applied Biosystems: Rn01511601-m1), *HGF* (Applied Biosystems: Rn00566673-m1), *IGF-1* (Applied Biosystems: Rn00710306-m1) and *StAR* (Applied Biosystems: Rn00580695-m1) primers. Amplification was performed in a total volume of 20 *μ*l per reaction using TaqMan Fast Universal PCR Master Mix (Applied Biosystems: 4352042) and a StepOnePlus Real-time PCR System (Applied Biosystems). Each sample was assayed in duplicate and normalized to glyceraldehydes-3-phosphate dehydrogenase (Applied Biosystems: Rn01775763-g1). Relative quantification of gene expression was analyzed according to the standard curve method using StepOne software version 2.1 and the ratio of expression folds in left side ovaries to the right side ovaries was calculated.

RESULTS
=======

Characterization of Established BM-MSC and A-MSC Cell Lines
-----------------------------------------------------------

The cell populations presumed to be BM-MSCs and A-MSCs were obtained from two tissues, bone marrow and adipose. Adherent cells with well-developed dendrites grew stably in both cell lines and did not show any morphological differences despite the difference in their origins ([Figure 1b](#fig1){ref-type="fig"}). A cell surface marker specific to MSCs was used in flow cytometry studies, and a high purity of BM-MSCs and A-MSCs was obtained. Both BM and A-MSCs were negative for CD34 and CD45, which are negative surface antigen markers of MSCs ([Figure 1c](#fig1){ref-type="fig"}), and they were positive for CD105, CD29, CD44, CD73 and CD90, which are positive surface antigen markers of MSCs. Thus, both cell lines mainly consisted of MSCs. CD105 was negative in tail fibroblast cells.

CTX Treatment Induced Damaged Ovarian Function
----------------------------------------------

To evaluate the effect of CTX on ovarian function, the number of unilateral follicles were compared between CTX-non-treated and CTX-treated rats. The mean total number of follicles and corpus lutea in CTX-non-treated and CTX-treated rats were 34.4±2.4 and 25.5±1.8, respectively, showing that CTX significantly decreased the number of follicles ([Figure 2a](#fig2){ref-type="fig"}). In addition, the degeneration of the follicular parenchyma was observed in HE-stained tissue samples ([Figure 2b](#fig2){ref-type="fig"}). Therefore, the administration of CTX decreased ovarian function.

A-MSC Transplantation Induced Angiogenesis in CTX-Treated Ovaries
-----------------------------------------------------------------

To detect vascular endothelial cells, the number of CD34-positive cells per 1 mm^2^ of corpus luteum was examined in corpus lutea in the ovaries using BZ Analyzer (Keyence). Rat A-MSCs, tail fibroblast cells or saline solution were transplanted into left ovaries, and right ovaries served as non-injected side. Significant decline of CD34-positive cells was observed after CTX treatment when compared between control and CTX(+) saline group (control: 699.8±69.4; CTX-Ssline: 175±31.9), showing that CTX treatment decreased angiogenesis ([Figure 3a and b](#fig3){ref-type="fig"}). The numbers of CD34-positive cells in CTX-saline-, tail fibroblast- and A-MSC-transplanted groups were 171.8±31.7, 178.8±47.0 and 319.9±43.0, respectively. The number of CD34-positive cells was increased significantly in A-MSC-transplanted group. Although the number of CD34-positive cells in A-MSC-transplanted group was not comparable to the CTX-untreated control group (A-MSC: 319.9±43.0; control: 693.5±73.8), these results clearly showed that A-MSC transplantation after CTX treatment induced angiogenesis in ovaries.

The Total Number of Vesicular Follicles and Corpus Lutea were Increased in CTX-Treated Ovaries after MSC Transplantation
------------------------------------------------------------------------------------------------------------------------

The total numbers of follicles and corpus lutea in MSC-transplanted left ovaries after CTX treatment were divided by the numbers of follicles and corpus lutea in untreated right ovaries, and the values were compared. Morphologically healthy follicles were observed in A-MSC-transplanted ovaries ([Figure 4a](#fig4){ref-type="fig"}). The ratio of total numbers of follicles in A-MSC- (P0), A-MSC- (P2), BM-MSC- (P2), tail fibroblast- and saline-transplanted left ovaries were 1.21±0.21, 1.30±0.10, 1.36±0.23, 0.96±1.8 and 1.03±0.10, respectively, and the ratio of the numbers of vesicular follicles (antral follicles) in A-MSC- (P0), A-MSC- (P2), BM-MSC- (P2), tail fibroblast- and saline-transplanted left ovaries was 1.81±0.43, 2.05±0.53, 1.70±0.48, 1.17±0.10 and 1.24±0.23, respectively ([Figure 4b and c](#fig4){ref-type="fig"}). There were no significant differences between the groups; however, MSC-transplanted groups had a tendency to increase the follicle number.

Functional Improvement and Safety in MSC-Transplanted Ovaries by Comparing Litters
----------------------------------------------------------------------------------

At 8 weeks after MSC transplantation into both of the ovaries, the female rats (*n*=5) were housed in the same cages as male rats to promote natural mating. The resulting number of litters was compared. The gestation of the rats in the A-MSC-transplanted group were 21--22 days, which are normal values, and no cases of abnormal litter numbers, external deformities or abnormal growth after birth were observed ([Figure 5a (A--F)](#fig5){ref-type="fig"}). The average number of litters in the group of CTX-administered rats with decreased ovarian function and saline-injected ovaries (9.4) was significantly lower than that in the control group of CTX-non-administered rats (14.3). The number of litters in MSC-transplanted group was 12.8 for BM-MSCs and 13.6 for A-MSCs, and the number of litters in A-MSC-transplanted group was significantly higher than that in the saline-infused control group. Therefore, ovarian function can be improved by transplanting A-MSCs into the ovaries ([Figure 5b](#fig5){ref-type="fig"}). The F2 litters also had gestations of 21--22 days. In addition, no significant differences were seen among the groups, and no deformities or any serious adverse effects were seen ([Figure 5c](#fig5){ref-type="fig"}).

Cytokine Secretion from A-MSCs
------------------------------

The measurement of VEGF, IGF-1 and HGF concentrations in the A-MSC and tail fibroblast cell culture supernatant using EIA showed that A-MSCs secreted high level of humoral factors than fibroblasts. Significantly higher levels of VEGF, IGF-1 and HGF (*P*\<0.05) were secreted by A-MSCs ([Figure 6a](#fig6){ref-type="fig"}), compared with fibroblasts. No significant difference in estradiol levels was seen ([Figure 6a](#fig6){ref-type="fig"}).

Cytokine Expression in Ovaries after A-MSC Transplantation
----------------------------------------------------------

The experiment described above revealed that A-MSCs secrete HGF, VEGF and IGF-1. Next, quantitative (q) RT-PCR and immunohistochemistry (IHC) were applied to examine whether A-MSCs secrete growth factors in ovarian tissues after transplantation. The ratio of mRNA expression of *VEGF*, *HGF*, *IGF-1* and *StAR* in A-MSC-transplanted CTX (+) ovaries to non-transplanted ovaries was 1.86±0.01, 5.80±0.55, 2.79±0.40 and 2.89±0.27, respectively ([Figure 6b](#fig6){ref-type="fig"}). On the other hand, the ratio of *VEGF*, *HGF*, *IGF-1* and *StAR* mRNA expression in tail fibroblast cell-transplanted ovaries was 0.86±0.05, 0.94±0.04, 0.95±0.06 and 0.88±0.03, respectively. A-MSC-transplanted ovaries demonstrated significantly higher ratio of mRNA expression of these four genes. IHC studies for HGF, VEGF and IGF-1 in ovarian tissue revealed that expression of HGF, VEGF and IGF-1 proteins was frequently observed in the CTX-non-treated group. In contrast, in the CTX-treated group, decreased expression of these proteins was observed. In A-MSC-transplanted CTX(+) ovaries, the expression of all the HGF, VEGF and IGF-1 proteins reached to levels to those seen in untreated ovaries ([Figure 6c](#fig6){ref-type="fig"}).

Distribution of A-MSCs after Transplantation into the Ovaries
-------------------------------------------------------------

Ovarian tissues were subjected to FISH staining. In the granulosa cells and corpus luteum, only female cells with XX karyotype labeled with Texas Red-conjugated X chromosome were detected, while A-MSCs were not found ([Figure 6d (A and B)](#fig6){ref-type="fig"}). Cells containing XY karyotype labeled with FITC-conjugated Y chromosome, indicating male-derived A-MSCs, were observed only in thecal layer area ([Figure 6d (C)](#fig6){ref-type="fig"}). These results show that A-MSCs engraft in the supportive cells associated with follicular growth.

Growth Factors Administration was Ineffective in CTX-Treated Mouse Ovaries
--------------------------------------------------------------------------

ELISA showed that the secretion of VEGF, HGF and IGF-1 in mouse A-MSC conditioned media was 779.9±30.4, 589.9±50.6 and 150.9±22.3, respectively ([Figure 7a](#fig7){ref-type="fig"}). A 1 × dose and 10 × doses of these three growth factors were determined based on ELISA results and were administered into CTX-treated left ovaries, and the ratio of the number of ovarian follicles in left ovaries to the right ovaries was evaluated. The established mouse A-MSCs were proved to retain MSC properties by FACS ([Figure 7b](#fig7){ref-type="fig"}). The higher ratio of the number of follicles was observed in 5 × 10^4^, 5 × 10^5^ and 5 × 10^6^ of A-MSC-transplanted group (2.36±0.54, 1.93±0.20 and 1.96±0.30, respectively), showing that A-MSC transplantation is effective. However, some of the growth factor-administered group showed slight improvement in the follicular number (eg VEGF 1 × dose: 1.38±0.20; IGF-1 1 × dose: 1.37±0.29), the results were not comparable to A-MSC-transplanted group ([Figure 7c](#fig7){ref-type="fig"}).

DISCUSSION
==========

This study showed that the transplantation of A-MSCs into the ovary improved ovarian function, suggesting that this procedure may be useful in patients with ovarian failure. Considering future human clinical applications, the collection of BM-MSCs is problematic because of the invasive procedure. On the other hand, human abdominal subcutaneous adipose tissue aspiration, which is commonly used for cosmetic procedures the adipose discarded, could be used for MSC derivation in a procedure that is easy and less invasive.^[@bib24],\ [@bib25],\ [@bib26],\ [@bib27]^ Adipose-derived cells were first reported in 1964 (ref.[@bib28]) and the use of adipose-derived MSCs has been considered,^[@bib29]^ and the multi-potential differentiation of A-MSCs has also been well studied.^[@bib30]^ Recently, it has been reported that not only subcutaneous but also visceral adipose tissues have A-MSC properties.^[@bib31]^

We evaluated the effects on ovarian function after the transplantation of A-MSCs into ovaries in rats with ovarian failure. The transplantation of A-MSCs into the ovaries that show decreased ovarian function due to CTX administration^[@bib32],\ [@bib33]^ results in the induction of angiogenesis and increased counts of corpora lutea and ovarian follicles and StAR mRNA expression, compared with ovaries that did not receive transplantations. In addition, the number of litters obtained by natural mating was significantly increased with A-MSC-transplanted ovaries compared with the non-transplanted group. To analyze the distribution of transplanted A-MSCs, male rat A-MSCs were transplanted into ovaries and examined by FISH (X- and Y-specific probes). The observations showed that there were no XY (male) cells in the ovarian follicles (granulosa cells) or corpus lutea and that the fibroblastic XY cells were distributed in thecal layer area ([Figure 6d](#fig6){ref-type="fig"}), which indicates that MSCs transplanted into the ovary may not differentiate directly into oocytes or granulosa cells, but may survive in the interstitium, playing important accessory roles in the microenvironment surrounding the oocytes in the ovary.

It has been demonstrated that human MSCs secreted variety of growth factors, such as IL-6, VEGF, IL-8, G-CSF, SCF, IL-11, IL-15, IL-10, PDGF-bb and bFGF.^[@bib34],\ [@bib35],\ [@bib36]^ We focused on VEGF, HGF and IGF-1, which are known to affect follicular growth in ovaries. The secretion of these factors by rat A-MSCs was quantified by EIA. VEGF prevents damage to cumulus cells, reducing apoptosis in frozen--thawed rat cumulus cells when added in a culture medium.^[@bib37]^ IGF-1 is also believed to suppress apoptosis and cause the proliferation of porcine cumulus cells.^[@bib38]^ HGF is expressed in cumulus cells and theca cells and shows an antiapoptotic effect on cumulus cells.^[@bib39]^ Our EIA results clearly demonstrated that rat A-MSCs secrete higher level of these growth factors than tail fibroblast cells. We also observed that mRNA and protein expression of these factors were higher in A-MSC-transplanted ovaries than in fibroblast- or saline-treated transplanted ovaries. These results indicate that MSCs are secreted by these cytokines and MSC transplantation induces mRNA and protein expression of these factors for repairing damaged ovaries.

We next addressed whether administration of growth factor (s) alone show a beneficial effect in damaged ovaries by injecting VEGF, HGF and IGF into damaged ovaries and compared with those A-MSC-transplanted ovaries. A-MSC-transplanted ovaries revealed more restorative effects in terms of the number of follicles than ovaries treated with growth factors; nevertheless, some of them demonstrated a small recovery, indicating that not only VEGF, HGF and IGF-1 but also other growth factors secreted by A-MSCs may be needed for restoration of damaged ovaries. Taken together with our findings described in this study, it appears that a small population of transplanted A-MSCs was actually engrafted in the supportive cells associated with follicular growth in ovaries. Thus, we conclude that the possible mechanism by which A-MSCs participate in damaged ovary repair is by inducing angiogenesis and increasing the follicular growth related to paracrine activity.

The availability of stem cells isolated from autologous adipose tissues for tissue regeneration^[@bib40]^ suggests that clinical applications of MSCs may be more advisable than those for ES or iPS cells in the field of regenerative medicine in the future.

Our findings in this study suggest potential therapeutic effects for ovarian dysfunction, including premature ovarian failure in cancer patients treated with CTX,^[@bib41]^ breast cancer patients after chemotherapy^[@bib42]^ and climacteric patients to improve their ovarian function by A-MSC transplantation.
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Characterization of adipose-derived mesenchymal stem cells (A-MSCs) and bone marrow-derived MSCs (BM-MSCs) and the procedure for MSC transplantation into ovaries. (**a**) The procedure for MSC transplantation into ovaries. (A) A sufficient visual field was secured by observing the ovarian blood vessels using a stereomicroscope and the removal of excess fat. (B) An A-MSC/BM-MSC suspension (2 × 10^6^ cells/10 *μ*l) was injected into the ovary, which was held in place with forceps. (The above figure shows the indigo carmine injection.) (C) No leakage was visually observed after the injection. (**b**) The morphology of cultured A-MSCs and BM-MSCs. Adipose: A-MSCs; BM: BM-MSCs. Scale bar=40 *μ*m. (**c**) Fluorescence cell sorting (FACS) analysis of A-MSCs, BM-MSCs and tail fibroblast cells stained with cell surface antigen markers of MSCs. BM: BM-MSCs; adipose: A-MSCs; fibroblast: tail fibroblast cells.
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![Histological analysis of rat ovary after the administration of cyclophosphamide (CTX). (**a**) Comparison of the numbers of follicles and corpus lutea (CL) in ovaries between CTX-non-treated rats and CTX-treated rats (\*significantly different, *P*\<0.05). (**b**) Hematoxylin- and eosin- (HE) stained ovaries of CTX-non-treated rats (A, C) and CTX-treated rats (C, D). (A, B) Scale bar=1 mm and (C, D) scale bar=200 *μ*m.](labinvest2012167f2){#fig2}

![Angiogenesis on cyclophosphamide-(CTX)-treated ovaries after adipose-derived mesenchymal stem cell (A-MSC) and tail fibroblast transplantation. (**a**) Immunohistochemistry (IHC) of CD34 on rat ovaries. Left, is the cell or saline administration; right, non-injected control. Fibroblast: tail fibroblast cells; adipose: A-MSCs. Scale bar=200 *μ*m. (**b**) The number of CD34-positive cells in corpus lutea (CL) in ovaries. The number of CD34-positive cells per 1 mm^2^ of CL was examined. Significant differences between each character is represented by a, b and c (*P*\<0.05). Fibroblast: tail fibroblast cells; adipose: A-MSCs.](labinvest2012167f3){#fig3}

![Analysis of ovaries after adipose-derived mesenchymal stem cell (A-MSC) transplantation. (**a**) Histological analysis of follicles in ovaries and after A-MSC transplantation. (A, C) A-MSC non-transplanted and (B, D) A-MSC transplanted. (A, B) Scale bar=1 mm and (C, D) scale bar=200 *μ*m. (**b**) Ratio of number of follicles and corpus lutea (CL) in MSC-transplanted left ovary *vs* MSC-non-transplanted right ovary. BM: bone marrow-derived MSCs (BM-MSCs); adipose: A-MSCs; fibroblast: tail fibroblast cells. (**c**) Ratio of number of antral follicles in MSC-transplanted left ovary *vs* MSC-non-transplanted right ovary. BM: BM-MSCs; adipose: A-MSCs; fibroblast: tail fibroblast cells.](labinvest2012167f4){#fig4}

![F1 litters and F2 litters obtained by mating after adipose-derived mesenchymal stem cell (A-MSC) transplantation into the ovary. (**a**) The photographs of F1 and F2 litters. (A) Immediately after birth (F1); (B) 1-week-old rats (F1); (C) 3-week-old rats (F1); (D) 5-week-old rats (F1); (E) immediately after birth (F2); and (F) 5-week-old rats (F2). (**b**) The number of F1 litters. BM: bone marrow-derived MSCs (BM-MSCs); adipose: A-MSCs (\*significantly different, *P*\<0.05). (**c**) The number of F2 litters. BM: BM-MSCs; adipose: A-MSCs.](labinvest2012167f5){#fig5}

![Cytokine secretion from adipose-derived mesenchymal stem cells (A-MSCs), cytokine expression in A-MSC-transplanted ovaries and the localization of A-MSCs in ovaries after transplantation. (**a**) Cytokine secretion (vascular endothelial cell growth factor (VEGF), insulin-like growth factor-1 (IGF-1), hepatocyte growth factor (HGF) and estradiol) from A-MSCs. (A) VEGF; (B) IGF-1; (C) HGF; and (D) estradiol. Each cytokine was measured by enzyme immunoassay (EIA) analysis. Significantly higher levels of VEGF, IGF-1 and HGF (\**P*\<0.05) were secreted from A-MSCs (*n*=7), compared with fibroblasts (*n*=9). No significant difference in estradiol levels was observed. Adipose: A-MSCs; fibroblast: tail fibroblast cells. (**b**) Quantitative real-time polymerase chain reaction (qRT-PCR) on ovaries after A-MSC and tail fibroblast cell transplantation. (A) *VEGF*; (B) *IGF-1*; (C) *HGF*; and (D) *StAR*. Adipose: A-MSCs; fibroblast: tail fibroblast cells (\*significantly different, *P*\<0.05). (**c**) Immunohistochemistry (IHC) of cytokines (VEGF, IGF-1 and HGF) in ovaries after A-MSC transplantation. Top panels: sham operation; middle panels: cyclophosphamide (CTX) injected; bottom panels: CTX and A-MSC injected. BM: bone marrow-derived MSCs; adipose: A-MSCs. Scale bar=200 *μ*m. (**d**) Localization of A-MSCs after transplantation into ovaries by fluorescent *in situ* hybridization (FISH). Male A-MSCs were injected into ovaries and detected by FISH using the Y-chromosome-specific probe. Red: X chromosome conjugated with Texas Red; green: Y chromosome conjugated with FITC. (A) AF: antral follicles, GC: granulosa cells; (B) CL: corpus luteum; (C) T: thecal cells. Cells containing XY karyotype, indicating male-derived ASCs, were observed only in thecal layers.](labinvest2012167f6){#fig6}

![Growth factors administration into mouse ovaries. (**a**) Cytokine secretion from mouse adipose-derived mesenchymal stem cells (A-MSCs) measured by enzyme immunoassay (EIA). Secretion of mouse vascular endothelial cell growth factor (VEGF), hepatocyte growth factor (HGF) and insulin-like growth factor-1 (IGF-1) were measured by enzyme-linked immunosorbent assay (ELISA). (**b**) Fluorescence cell sorting (FACS) analysis of mouse A-MSCs stained with cell surface antigen markers of MSCs. (**c**) Ratio of number of follicles and corpus lutea (CL) in A-MSC and growth factor-transplanted left ovary *vs* -non-transplanted right ovary. V: VEGF; H: HGF; I: IGF-1; 1: 10 × dose; and 10: 10 × doses. Significant differences between each character each character is represented by a, b, c, d, e and f (*P*\<0.05).](labinvest2012167f7){#fig7}
